Mast cells are essential in allergic immune responses. Recent discoveries have revealed their direct participation in cardiovascular diseases and metabolic disorders. Although more sophisticated mechanisms are still unknown, data from animal studies suggest that mast cells act similarly to macrophages and other inflammatory cells and contribute to human diseases through cell-cell interactions and the release of proinflammatory cytokines, chemokines, and proteases to induce inflammatory cell recruitment, cell apoptosis, angiogenesis, and matrix protein remodeling. Reduced cardiovascular complications and improved metabolic symptoms in animals receiving over-the-counter antiallergy medications that stabilize mast cells open another era of mast cell biology and bring new hope to human patients suffering from these conditions. (Endocrine Reviews 33: 71-108, 2012)
I. Introduction
M ast cells (MC) are inflammatory cells, but they are commonly regarded as "allergy" effectors because of their pathophysiological roles in IgE-mediated hypersensitivity reactions in the airways, skin, and gastrointestinal tract-common causes of asthma, allergic rhinitis, atopic dermatitis, and food allergy. These responses result mainly from the inflammatory mediators released from MC after allergen cross-linking of the cell surface allergenspecific IgE preoccupied receptor FcRI. MC differ from other inflammatory cells in that they leave the bone marrow as CD34 ϩ CD117 ϩ CD13 ϩ FcRI Ϫ pluripotent hematopoietic progenitors (1). They do not mature until they reach the target tissues, such as skin and various mucosal surfaces, where they acquire defined phenotypes (2) . MC progenitors use integrins ␣4␤1 and ␣4␤7 for their initial interaction with intercellular adhesion molecule-1 (ICAM-1) from vascular endothelium (3), followed by interactions with cell surface chemokine receptors (e.g., CXCR2, CCR3, CXCR4, and CCR5) and targeting of tissue chemokines, such as eotaxin and stem cell factor (SCF) from stromal fibroblasts (4). Despite progress in understanding the recruitment of MC progenitors to the small intestine and inflamed lungs, little is known about the vasculature, adipose tissue, endocrine organs, or other connective tissues. T cells (e.g., CD4 ϩ , CD8
ϩ , and NK-T) and macrophages (M1 and M2) have several subtypes with different surface receptors and functions. As we will discuss in Section IV.B), pathological stimuli may cause macrophage polarization by switching M2 to M1 phenotypes. MC behave similarly. The two types of human MC-those containing tryptase (MC T ), and those containing both tryptase and chymase (MC TC )-have different protease profiles, and both convert under certain conditions (5). Rodent MC are classified based on their primary tissue distributions. Mucosal MC localize preferentially in the mucosa of the airways and gastrointestinal tract and express mouse MC protease (mMCP)-1 and -2. Connective tissue MC localize in the skin, synovium, peritoneum, and perivascular tissues and express mMCP-4, -5, -6, cathepsin G, and carboxypeptidase A. Like human MC, rodent MC phenotypes are reversible (6). One type of MC may outnumber another type in certain pathological conditions.
Studies have shown that both vascular complications and metabolic disorders are inflammatory diseases in which innate and adaptive immunities are essential (7). Because of their preferential locations lining the various surfaces of the body, such as the skin, airways, and intestines, MC are ideally positioned as the first responders, interacting with invading microorganisms and initiating immune responses (8). MC defend the host against parasites, bacteria, or viruses and are a general inducer of inflammation (9); they therefore have been implicated in promoting innate immunity. MC also contribute importantly to adaptive immunity. They constitutively express major histocompatibility complex (MHC)-I and increase MHC-II when stimulated with interferon (IFN)-␥, TNF-␣, or endotoxin [lipopolysaccharide (LPS)] (10, 11). When an individual encounters an allergen and a low dose of a Toll-like receptor (TLR) activator [LPS or peptidoglycan (PGN)] from the environment, MC release TNF-␣ to activate other antigen-presenting cells (APC; such as dendritic cells) to take up the same antigens and express costimulatory molecules. This activation leads to T helper (Th) 2 response, resulting in allergen sensitization (12) and exacerbation of allergic disease. Upon activation, MC release the Th2 cytokines IL-4, IL-10, and IL-13 to polarize CD4 ϩ T cells to become Th2 cells (13), which induce humoral immune responses to pathogens by producing cytokines that stimulate plasma cell antibody production. MC can also enhance T-cell proliferation through FcR1-dependent and FcR1-independent pathways (14). Although MC function in immunity has been thoroughly studied (15, 16), we have limited knowledge regarding vascular or metabolic diseases.
In this comprehensive review, we discuss the roles of MC in atherosclerosis, abdominal aortic aneurysm (AAA), obesity, and diabetes from histological studies to experimental models and from gene-deficient or cell-deficient animals to small molecule inhibitor-treated subjects. We also discuss the relative contributions of macrophages in these diseases because MC and macrophages regulate the progression of these common human diseases in similar and in different ways.
II. Mast Cell Activation

A. Overview
MC exert their physiological and pathological functions by releasing granule remnants of histamines, proteases, cytokines, chemokines, growth factors, proteoglycans, arachidonic acid metabolites, lipid mediator prostaglandins, and reactive oxygen and nitrogen species. These mediators can be grouped into preformed mediators that are rapidly released (within seconds to minutes) upon cell stimulation, newly synthesized mediators that are generated by cell activation, and cytokines and growth factors. Preformed MC mediators include mainly histamine, heparin, proteoglycans, serotonin, some cytokines (e.g., TNF-␣), chemotactic factors, tryptase, chymase, carboxypeptidase A, and rennin (17), and newly synthesized mediators include arachidonic acid metabolites, prostaglandin-D2, leukotriene-C4, leukotriene-D4, platelet-activating factor, and free radicals (18). Most of these mediators have been implicated in the pathogenesis of vascular and metabolic diseases. As discussed in more detail in Sections III.C and IV.E, after activation, MC release vascular endothelial growth factor (VEGF), TNF-␣, histamine, tryptase, IL-8, leukotrienes, and eo-taxin to act as chemotactic signals, increasing endothelial cell (EC) adhesion molecule expression [selectin, integrin, ICAM, and vascular cell adhesion molecule (VCAM)] and stimulating leukocyte EC adhesion, rolling, and recruitment. For example, low neutrophil counts were detected in wounds of MC-null mice (19). In targeting tissues, MC use their chemokines, cytokines, and proteases to recruit more inflammatory cells, as well as to activate vascular cells or other inflammatory cells, promote angiogenesis, and stimulate cell apoptosis or proliferation.
B. Mast cell activation pathways
The most popular pathway for MC activation is via antigen-specific IgE-bound FcRI, a multimeric receptor composed of ␣-, ␤-, and two disulfide-bound ␥-chains that are expressed on MC and basophils (2, 20) (Fig. 1) . Circulating IgE levels are high in patients with asthma and other allergic diseases, indicating active MC status under such conditions. IgE was shown to influence MC number, but not to affect MC progenitor recruitment to the airway, in IgE-deficient mice (21). Our unpublished observations demonstrated significantly higher serum IgE levels in patients with cardiovascular diseases, although exactly how much and to what level increased IgE contributes to MC activation in inflammatory tissues remains unknown.
In addition to FcRI, MC express many other cell receptors for their activation, including IgG-dependent Fc␥ receptors (22, 23), MC growth factor SCF receptor KIT (i.e., CD117), anaphylatoxins C3a and C5a complement receptors, TLR, adenosine receptors, and cytokine receptors (24) (Fig. 1) . Although there is only one form of MC FcR1 (␣␤␥ 2 ), several types of Fc␥R occur in human and rodent MC. Human MC express Fc␥RI and Fc␥RII (25), and mouse MC express Fc␥RII and Fc␥RIII (26) . Increased IgG levels in asthmatic patients may participate in MC activation via Fc␥R (27). Patients with coronary heart disease appear to have higher serum IgG levels than healthy subjects (28). The role of the Ig molecules IgE and IgG in MC activation and their association with the pathogenesis of vascular and metabolic diseases are important areas to explore.
KIT is a transmembrane receptor with tyrosine kinase activity that is expressed on MC and is the receptor for SCF (29), which is necessary for MC development and homeostasis (1, 30) . All mature MC express high levels of KIT and FcRI (2) . Signals mediated by KIT at the time of FcRI cross-linking enhance the magnitude of MC degranulation and cytokine production (31).
The complement system is important in innate immunity against bacteria and other pathogens, and MCmediated innate immunity may associate with MC activation by complementary molecules. The anaphylatoxins C3a and C5a are by-products of complement activation, and they interact with the cell-surface receptors C3aR and C5aR on MC for activation (32, 33). C3aR and C5aR are seven-transmembrane G ␣i -protein-coupled receptors. C3a and C5a may activate MC through two mechanisms-under low concentrations, C3a activates MC using C3aR; and under high concentrations, C3a activates MC with direct activation of G ␣i . C3a and C5a may activate MC by enhancing cytokine and chemokine expression (9, 34) and causing chemotaxis of eosinophils, MC, and possibly macrophages and T cells. Deletion, pharmacological inhibition, or antibody neutralization of C3aR or C5aR attenuates airway hyperresponsiveness and inflammation (35-37). In human atherosclerotic lesions, T cells, EC, smooth-muscle cells (SMC), and MC all express C5aR or C3aR (38). C3a and C5a also may affect other inflammatory and vascular cell types.
TLR also associate closely with innate immunity (12, 39). For example, bacterial lipopeptide peptidoglycan activates TLR2, bacterial LPS activates TLR4, doublestranded RNA activates TLR3, and CpG motif in DNA In addition to these conventional receptor-mediated pathways, MC can be activated selectively by neighboring macrophages, T cells, cytokines, lipoproteins, or other endogenous peptides (Fig. 1) . Both mucosal and connectivetissue MC are proximal to T cells and macrophages in the vasculature, as well as in adipose tissue (42, 43). IL-1 and TNF-␣ can induce MC secretion of cytokines in the absence of degranulation (without secretion of histamine and other granule components) (44, 45). CRH, a neuronal hormone produced by the paraventricular nucleus of the hypothalamus in response to stress, can activate MC and regulate VEGF release through a p38 pathway, resulting in enhanced vascular permeability (46). An important, similarly acting neuronal peptide, substance P, is released from the terminals of specific sensory nerves. It activates MC via neurokinin-1 receptor or directly interacts with G proteins in a receptor-independent manner, followed by the release of TNF-␣ and histamines to attract granulocyte infiltration to the site of inflammation (47, 48). Substance P also activates MC indirectly via TLR (49). Oxidized low-density lipoprotein (oxLDL) is an important component of vascular foam cells and autoimmune responses. An in vitro study demonstrated that interaction between ox-LDL and LDL receptor induces MC expression of chemokine IL-8 (50). Intraarterial infusion of oxLDL in rats elicited MC degranulation and enhanced leukocyte adherence and emigration (51). Serine proteases, Ig light chains, and polybasic compounds also help trigger MC degranulation. Therefore, MC activation contains multiple mechanisms (Fig. 1) .
Although all aforesaid MC activation pathways have been examined in cultured MC or in animal models of autoimmune diseases, asthma, or other allergic diseases (52), we have limited knowledge about which MC activation pathways are more important than others in cardiovascular or metabolic diseases. Among all activation pathways, only substance P has been examined in atherosclerosis (53). Substance P administration increased the number and activation of atherosclerosis lesion MC and intraplaque hemorrhage. Because MC share many activation mechanisms with macrophages and other inflammatory cells, testing individual MC activator in cardiovascular or metabolic diseases in vivo without confounding from other cells remains technically difficult. For example, substance P also activates neutrophils (54), which is essential in promoting atherosclerosis (55). oxLDL binding to TLR activates not only MC (50, 51), but also monocytes, macrophages (56), or dendritic cells (57). Altered pathogenesis of vascular diseases or metabolic disorders by simple interruption of oxLDL-TLR interaction may result in part from impaired MC activation. Therefore, although most of the ligands or receptors in Fig. 1 have been implicated in atherosclerosis, obesity, or diabetes, the relative contribution of each MC activation pathway to these cardiovascular and metabolic diseases remains untested.
III. Mast Cells in Atherosclerosis
A. Mast cells in atherosclerotic lesions
Increased serum IgE levels, eosinophilia, positive skinprick tests, self-reported asthma, and enzymes that regulate leukotriene synthesis (5-lipoxygenase) predict a high risk for atherosclerosis, stroke, and myocardial infarction (MI). Constantinides (58, 59) first observed MC in atherosclerotic lesions more than half a century ago using metachromatic staining to detect MC in human and rabbit atherosclerotic lesions. Very few MC appear in normal coronary arteries, and only one fifth are activated. In contrast, many more MC are detected in fatty streaks and advanced atherosclerotic lesions (Fig. 2) . In fatty streaks, MC appear underneath the subendothelium, where they release proteases (e.g., cathepsins) or inflammatory cytokines to induce neighboring cell protease expression (42), leading to vascular wall subendothelium disruption and further blood-borne leukocyte transmigration (60). MCderived histamine is another vasoactive component that enhances vascular permeability to macromolecules. By releasing histamine, activated subendothelial coronary MC could disturb EC barriers, thereby enhancing lipoprotein permeability (61). When histamine acts on SMC in the media layer, the vascular tone in the segment is augmented, and coronary spasm may ensue (62), in addition to SMC proliferation (63). MC in advanced lesions also produce proteases (e.g., tryptase, cathepsins) or other mediators to alter the biology of surrounding cells (Fig. 2) , enhancing tissue remodeling and plaque instability. More than 50% of these MC are activated with a gradient of granules as detected by metachromatic staining, particularly those in the shoulder regions (64 -66), which are prone to erosion or rupture (65). MC clusters have been observed in ruptured areas of coronary atherosclerotic lesions from patients who have died of acute MI (67). In ruptured plaques, the activation of perivascular MC correlates with intraplaque hemorrhage, macrophage and EC apoptosis, vascular leakage, and CXCR2-mediated and very late antigen-4-mediated recruitment of leukocytes to plaques (68).
B. Role of mast cell proteases in atherosclerosis
MC proteases are one of the most important components of the secretory granules that contribute to atherosclerosis. Like macrophages, MC are rich in matrix metalloproteinases (MMP), cysteine protease cathepsins, and the serine proteases urokinase, plasmin, and cathepsin G. MC also contain their unique neutral serine proteases, chymases, and tryptases. Although we have not seen significant differences in serum chymase levels between patients with coronary artery disease (CAD) and healthy donors, serum tryptase levels are significantly higher in CAD patients than in those with normal angiography or without CAD (69, 70), suggesting their potential involvement in atherosclerosis. Treatment of human coronary arteries intraluminally with recombinant tryptase or chymase induced endothelial damage, characterized by disruption of EC adhesion followed by retraction and desquamation (71).
Chymase and tryptase functions in the vascular system include (but are not limited to) lipoprotein degradation, angiotensin-II (Ang-II) generation, proenzyme or procytokine activation, and matrix protein degradation. Highdensity lipoprotein (HDL) 3 particles efficiently remove cholesterol from foam cells, but they lose this ability when MC are stimulated to degranulate (72). This occurs because both tryptase and chymase degrade the HDL 3 components apolipoprotein (apo) E, apoA-I, and apoA-IV in plasma, in peritoneal fluid, and possibly in atherosclerotic lesions, rendering cholesterol-loaded macrophages (foam cells) unable to mediate cholesterol efflux (73). In addition to degrading HDL 3 components and inhibiting foam-cell cholesterol efflux, chymases and tryptases promote macrophage LDL uptake. When MC were cocultured with rat or mouse macrophages and LDL, apoB-100 of LDL bound to heparin proteoglycan, which stabilizes tryptase active tetramers and protects chymase and cathepsin G from their natural inhibitors. This granule-bound complex is then proteolyzed by granule-bound chymase, leading to foam-cell formation (74). MC promotion of LDL uptake Although the exact mechanism is not fully understood, MC chymase appears proangiogenic (80). BMMC from WT mice promoted microvessel sprouting in an in vitro aortic ring assay, but those from chymase-deficient mice did not (81). Through undefined mechanisms, both chymases and tryptases control vascular cell atherosclerosispertinent cathepsin expression (81). Chymase-mediated and tryptase-mediated bioactivation of proenzyme and latent cytokines also appears important to atherogenesis. Both chymase and tryptase generate active MMP-1, -2, -3, and -9 (82), all which have been implicated in plaque formation. Chymase also activates pro-IL-1␤ and generates TGF-␤1 from matrix complex to regulate SMC differentiation, migration, proliferation, and matrix protein synthesis and secretion. In contrast, tryptase has been shown to induce chemokine [monocyte chemoattractant protein-1 (MCP-1), IL-8] and adhesion molecule (ICAM, VCAM, selectin) expression in human EC, which are essential for leukocyte homing. Detailed pathobiological activities of MC chymase and tryptase are thoroughly reviewed by Pejler et al. (83) .
MC also produce cathepsin G, urokinase plasminogen activator, MMP, and cysteinyl cathepsins. Although detailed studies of these proteases from MC in atherosclerosis are currently limited, the same sets of proteases from other cell types have been well investigated. MC are rich reservoirs for cysteinyl cathepsins (84), which play critical roles in atherosclerosis by degrading vascular wall elastin and collagen, enhancing leukocyte recruitment, generating angiogenic factors, and promoting vascular cell apoptosis (85). MC secrete the inflammatory cytokines IL-6 and IFN-␥ to induce vascular cell cathepsin expression (42). In fatty streaks, medial cathepsin S expression is localized near MC clusters, supporting the notion that MCderived mediators may enhance nearby vascular cell cathepsin expression. In advanced lesions, cathepsin S and MC are colocalized, suggesting that some cathepsin S signals come from MC (Fig. 2) .
C. Mast cell function in angiogenesis and apoptosis
Angiogenesis is an important hallmark of atherosclerosis and is essential to its pathogenesis. MC populate the connective tissue structure near vessels, positioned as key elements in processes like wound healing, tissue regeneration, and remodeling after injury, fibrosis, and angiogenesis. In human atherosclerotic lesions, MC are clustered next to the vasa vasorum in the adventitia (86), at 10 times as many as in the intima (87). As shown in Fig. 2 , MC also appear in the superficial location next to the luminal endothelium or deep inside the intima near newly formed microvessels (88). MC associate with neovessel numbers formed within advanced atherosclerotic plaques. These observations suggest an interaction between MC and EC; indeed, many MC-derived mediators are angiogenic. MC in the human intima and adventitia express basic fibroblast growth factor and produce angiogenic histamine, leptin, VEGF, and angiopoietin-1. MC-derived heparin also contributes to neovascularization by stimulating EC migration. MC tryptase stimulates microvessel tube formation and enhances the growth of microvessel EC, whereas chymase promotes angiogenesis through the effects of Ang-II (80, 89).
MC induce vascular cell apoptosis. During atherogenesis, the first step may involve MC interaction with luminal EC, which increases EC adhesion molecule and chemokine expression (90), followed by endovascular adhesions of leukocytes (including MC) that may further induce EC apoptosis, leading to vulnerable EC detachment (71). MCinduced EC apoptosis can be mediated by TNF-␣ (91), which involves cytochrome C release from mitochondria to cytoplasm, and MC proteases to degrade subendothelium basement proteins, including fibronectin, vitronectin, nidogen, and VE-cadherin. MC also cause SMC death (78). Coculture of BMMC or degranulated cell supernatant from WT mice with aortic SMC induces SMC apoptosis. Under the same conditions, however, BMMC or cell lysates prepared from chymase-deficient (81) or tryptase-deficient (182) mice showed significantly low potency in inducing SMC apoptosis. Although detailed mechanisms remain unknown, MC-derived proteases may contribute to SMC apoptosis by catabolizing pericellular matrix protein (e.g., fibronectin) (69, 78) or via Ang-II generation (92). Figure 3 summarizes our current understanding of MC function in atherosclerosis.
D. Mast cells in experimental atherosclerosis
Animal models are important tools for testing MC functions in atherogenesis. Targeted activation of perivascular MC by dinitrofluorobenzene sensitization, followed by dinitrophenyl challenge in advanced atherosclerosis in apoE-deficient (Apoe Ϫ/Ϫ ) mice, increased the incidence of intraplaque hemorrhage, macrophage apoptosis (via histamine and tryptase), vascular leakage, and CXCR2/very late antigen-4-mediated leukocyte recruitment to the plaque, whereas the MC stabilizer cromolyn prevented these adverse effects (68). These experiments established an essential role of MC activation in atherosclerosis. The same group recently proved the same concept using substance P to treat Apoe Ϫ/Ϫ mice (53 
A. Macrophage types
After monocytes migrate into the endothelium, they differentiate into macrophages and dendritic cells (96). Macrophages in atherosclerotic lesions are of two types, M1 and M2, that express MCP-1 and mannose receptor (CD206), respectively (97). M1 macrophages, also called classically activated macrophages, require IFN-␥ for initial activation and LPS and CpG-DNA or TNF-␣ and IL-1 for secondary activation (98 -100). M1 macrophages release IL-6 and TNF-␣ to direct EC injury and express high MHC-II and costimulatory molecule CD80/86 to direct Th1 activation and IL-12 release (101). Unlike MC or M1 macrophages, M2 macrophages (also called alternatively activated macrophages) are antiinflammatory cells that are critical in the resolution of injury (98, 100, 102). Their maturation requires peroxisome proliferator-activated receptor-␥ (PPAR-␥) (103, 104). M2 macrophages can be divided into three subgroups: M2a, M2b, and M2c (98). M2a are noncytotoxic cells activated by the Th2 cytokines IL-4 and IL-13 and participate in tissue repair and extracellular matrix (ECM) deposition (100). M2b cells are activated by LPS and release antiinflammatory IL-10, as well as the proinflammatory cytokines TNF-␣, IL-6, and IL-1 (102, 105), while also promoting Th2-type adaptive immune responses with increased T-cell IL-4 production and B-cell IgG class switching (105). IL-10, TGF-␤, and glucocorticoids activate M2c cells, which produce high levels of IL-10, limit inflammation by decreasing proinflammatory cytokines (98), and increase debris-cleaning activity.
B. Antiatherogenic and proatherogenic macrophages
Although both MC and macrophages are heterogeneous, current knowledge from in vitro and in vivo studies has not suggested an antiatherogenic role for MC in atherosclerosis. In addition to these distinct roles of macrophage apoptosis, apoptotic cell clearance (a process called efferocytosis), and necrotic core formation in atherogenesis, which we will discuss in Section IV.D, different types of macrophages contribute differently to atherogenesis. Th2 cytokine-induced M2 macrophage activation leads to antiatherogenic phenotypes (100). In atherosclerotic lesions, IL-10 receptor signaling induces antiinflammatory molecule suppressor of cytokine signaling 3, inhibits the nuclear factor-B pathway (107), and enhances efferocytosis (108). When appropriately activated, M2 macrophages phagocytose cytotoxic lipoproteins, clear apoptotic bodies, secrete antiinflammatory cytokines, and synthesize matrix repair proteins that stabilize vulnerable plaques (109). In early stages, M2 macrophages scavenge cytotoxic lipoproteins and apoptotic cells to prevent accumulation and cytotoxicity. Efferocytosis occurs first in apoptotic neutrophils and then in apoptotic macrophages (110, 111). Efficient efferocytosis prevents secondary apoptosis and triggers an antiinflammatory response by inducing TGF-␤, IL-10, and other antiinflammatory cytokines (112).
In the early to middle stage of atherogenesis, most macrophages ingest and metabolize lipoprotein-derived cholesterol. If engulfed cholesterol cannot exit, macrophages become foam cells, important sources of chemokines (MCP-1), cytokines (TNF, IL, and IFN), enzymes (cysteine, serine, and metalloproteases), growth factors (platelet-derived growth factor, VEGF, and IGF), bioactive lipids, and angiogenic factors, together with those from T cells that perpetuate the inflammatory process and promote EC and SMC migration from media to intima. Subsequent SMC proliferation in response to foam-cell mediators contributes to the enlarged fibro-fatty plaque and fibrous caps. Several cellular events contribute to vulnerable plaque formation, including the secretion of proinflammatory, procoagulant, and proteolytic molecules by macrophages; the death of macrophages, intimal SMC, and EC are important to plaque rupture (113). For example, Th1 cytokine IFN-␥ or microbial agents activate M1 macrophages to express effector molecules (e.g., Fas-ligand and NO) that kill nearby cells, degrade ECM, and promote plaque rupture (114). Antigens or Ig molecules induce MC production of ROS (115-117). In turn, these ROS may induce MC chymase expression and indirectly participate in atherogenesis (118). Likewise, classically activated M1 macrophages in developing plaques also produce ROS, which cause cell death and lipoprotein oxidation (119). oxLDL engulfed by macrophages is digested and processed, and peptide antigens are presented to activate T cells for the adaptive immune system and cytotoxic Th1 immune response. Release of IFN-␥ from Th1 cells amplifies inflammation and induces macrophage procoagulant tissue factor expression. Advanced plaque macrophages also release tissue factors as procoagulant and prothrombotic activities after plaque rupture (120). Therefore, macrophage depletion or suppression of macrophage migration provides resistance to atherosclerosis (121-124).
Due to the complex roles of macrophages in promoting and inhibiting progression of atherosclerotic plaques, studies employing simple inhibition of monocyte migration by disrupting chemokine/chemokine receptors that inhibit atherogenesis in experimental models (123-125) may not yield specific therapies for human diseases. Understanding the role of macrophages in regulating all stages of atherogenesis, therefore, is important to target this population of cells effectively for therapy.
C. Macrophage adhesion, migration, and proliferation
Early in atherosclerosis, monocytes/macrophages are recruited to the endothelium, aided by the endothelial expression of the adhesion molecules ICAM, VCAM, and ELAM (endothelial leukocyte adhesion molecule) and of P/E-selectins, which can be increased by smoking, hypertension, and diabetes and modulated by hemodynamic factors, arterial pressure, and sheer stress (114, 126). ICAM knockout mice are resistant to atherosclerosis (123), and mice with reduced VCAM have diminished atherosclerosis (127). MCP-1 or MCP-1 receptor CCR2 knockout animals had reduced atherosclerosis (124, 128). All of these mice, although manipulated differently, showed impaired macrophage accumulation in atherosclerotic lesions.
Macrophages in human or animal atherosclerotic lesions also proliferate (129 -131), and this proliferation can be stimulated by oxLDL (132). oxLDL induces macrophage proliferation by increasing the expression of granulocyte-macrophage colony-stimulating factor via the protein kinase-C pathway, leading to phosphoinositide 3-kinase activation (133). Hyperglycemic Ldlr Ϫ/Ϫ mice fed a cholesterol-rich diet showed increased cholesterol levels concomitant with macrophage proliferation in atherosclerotic lesions (134, 135). Although a direct view of MC proliferation in atherosclerotic lesions is currently not available, increased expression of SCF, nerve growth factor, and T-cell cytokines in atherosclerotic lesions (136 -138) may induce lesion MC proliferation (138 -140).
D. Macrophage apoptosis
MC development, migration, and survival or apoptosis play detrimental roles in immediate hypersensitivity and chronic allergic reactions (1). Little is known, however, about the fate or apoptosis of MC in the setting of vascular diseases, likely because there are relatively fewer MC in the aortic wall compared with most other inflammatory cell types, and only a few groups have paid attention to this small population of cells. In contrast, macrophages are the most abundant inflammatory cells, and their apoptosis is probably one of the best-known phenotypes of human and animal atherosclerotic lesions. Alterations in macrophage apoptosis affect atherosclerotic lesion size and plaque progression (141-144).
The role of macrophage apoptosis in the pathogenesis of atherosclerosis can vary by stage. In early lesions, there is an inverse relationship between macrophage apoptosis and lesion size. AIM (apoptosis inhibitor of macrophages)-deficient Ldlr Ϫ/Ϫ mice have reduced atherosclerosis, and macrophages from these mice are more susceptible to oxLDL-induced apoptosis (143). Efferocytosis is efficient in early lesions, leading to fewer inflammatory cells and postnecrotic cells and more efferocyte-derived antiinflammatory mediators. Thus, macrophage apoptosis limits lesion cellularity and suppresses lesion progression. Conversely, in advanced lesions, macrophage apoptosis promotes the development of the necrotic core-a key factor in plaque vulnerability and acute luminal thrombosis-and associates with plaque necrosis (110). As discussed in Section III.C, MC induce EC and SMC apoptosis via TNF-␣, chymase, tryptase, and Ang-II (81, 91, 101, 146). Late-lesion macrophages release toxic oxygen and nitrogen radicals and cause apoptosis of surrounding cells via Fas-Fas ligand interaction (147). Proinflammatory mediators cause further apoptosis of SMC, EC, and leukocytes that accounts for much of the disruptive core of vulnerable plaques. Uncleared apoptotic cells shed plasma membrane microparticles that stimulate thrombosis (148). Macrophage efferocytosis is mediated mainly by M2 cells that suppress inflammation and engulf cellular debris (149). In advanced human atherosclerotic lesions, however, oxLDL binds to efferocytosis receptor Mertk (c-mer tyrosine kinase) (150), and inflammation induces its cleavage (151-153), leading to defective efferocytosis (109). Failure of efferocytosis further causes postapoptotic secondary necrosis and necrotic core formation (110, 154). The role of macrophages in atherosclerosis therefore depends on the stage of plaque development-activities likely unique to macrophages.
E. Interaction of macrophages with other cell types
Both MC and macrophages interact with virtually all atherosclerosis-pertinent cells, including T cells, EC, and SMC. MC are APC and activate T cells (155, 156) , as well as release cytokines (42) or proteases (81) to induce EC protease expression and angiogenesis or to promote SMC apoptosis. Although macrophages also process and present antigens to activate T cells-particularly in the presence of high cholesterol, such as in atherosclerosis (157)they also interact with other atherosclerosis-pertinent cells. We recently have shown that MC, macrophages, and neutrophils act similarly in inducing EC expression of ICAM-1, VCAM-1, P-selectin, and E-selectin (158), suggesting that these inflammatory cells act cooperatively in activating EC in the blood vessel wall and mediate their own adhesion, transmigration, and accumulation in the intima during atherogenesis.
Atherogenic lipids induce human coronary artery SMC chemokine (C-X3-C motif) ligand 1 (CX3CL1) expression, thereby increasing macrophage adhesion (159) . In turn, macrophages induce EC and SMC apoptosis via FasFas ligand interactions (114, 160, 161) . Growth factors induce monocyte binding to SMC and retention in the endothelium in atherosclerosis (162) . Coculture of monocytes with SMC induces monocyte CD36 expression and ERK1/2 phosphorylation, suggesting SMC-dependent local regulatory mechanisms for monocyte survival and differentiation in atherosclerosis (163) . T cells interact with macrophages, causing further activation and regulation of growth and rupture of atherosclerotic plaques (164 -166) . Primary activation of T cells in secondary lymphoid tissues and secondary activation at lesion sites, at least in part by macrophages, leads to an amplified inflammatory response. Macrophages and T cells activate each other and cause further activation and increase of adhesion molecules, chemokines, scavenger receptors, and ECM-degrading proteases (167, 168) .
V. Mast Cells in AAA
A. Inflammatory cells in AAA
AAA and other advanced cardiovascular disorderssuch as MI, stroke, and angina pectoris-share many pathophysiologies with atherosclerosis. Like atherosclerosis, the development of AAA involves extensive inflammatory cell infiltration, followed by cytokine, chemokine, and protease secretion, which recruit more inflammatory cells, induce vascular cell inflammation and apoptosis, catabolize the vascular ECM proteins (e.g., elastin and collagen), and promote angiogenesis. These infiltrates include mainly macrophages, neutrophils, T cells, and MC recruited from the lumen or the vasa vasorum. Macrophages appear in both the adventitia and the media in human AAA; MC also are abundant in these areas. In the outer media and adventitia of human AAA, MC number correlates positively with diameter (169) . In thrombuscovered and thrombus-free human AAA lesions, most MC are located in the media and correlate with densities of neovascularization (170) . In ruptured human AAA, MC are present in the adventitia and media and often colocalize with macrophages and T cells. The role of T cells in AAA is more complicated than we originally thought. (Fig. 4C ). These observations suggest that MC are as important-if not more so-as macrophages in AAA lesions, in T-cell activation, and in the secretion of proteases, cytokines, and chemokines via autocrine and paracrine mechanisms.
B. Mast cells in experimental AAA
Because MC function in AAA was recognized only recently, not many studies have been performed in this area (177) . The first study was done in hamsters with aortic elastase perfusion-induced AAA, in which chymase inhibitor NK3201 (30 mg/kg ⅐ d, orally) reduced MC numbers and aortic diameters (77), suggesting a role of chymase in AAA. This hypothesis was proved further in dogs. Eight weeks after elastase perfusion, NK3201 at a much lower dose (1 mg/kg ⅐ d, orally) reduced Ang-II-forming and MMP-9 activities, as well as the aortic diameter, luminal area, and the number of chymase-positive cells and lesion neutrophils (178) . Human AAA lesions contain not only high numbers of MC, but also many more activated MC than are found in atherosclerotic lesions or normal arter-ies-resulting in increased chymase and Ang-II-forming activities (46, 169) that initiate and promote AAA formation. As in atherosclerotic lesions, the neovascularized area in the media and adventitia correlates with the density of MC (Fig. 4C) , with the densest MC and neovessels in thrombus-covered AAA samples (179) . Real-time PCR analysis showed that VEGF, its receptor FLT1, VE-cadherin, CD31, tryptase, chymase, and cathepsin G were all significantly higher in AAA than in normal arteries, strongly suggesting increased angiogenesis levels in AAA lesions. Human AAA luminal surface showed CD42b ϩ platelets but lacked CD31/CD34 staining of EC, suggesting endothelial erosion of the AAA wall (179) . Therefore, the role of MC in promoting angiogenesis and vascularcell apoptosis within atherosclerosis may also apply to AAA pathogenesis.
MC-deficient Kit W-sh/W-sh mice were used to test a direct role of MC in AAA formation (180 (181) . In this same study, MC stabilization with tranilast, another common MC stabilizer, attenuated AAA formation. Both chymase and tryptase play essential roles in AAA formation. Recently, we demonstrated significant correlations of serum chymase and tryptase levels with AAA annual expansion rate in a Danish AAA patient follow-up study (81, 182). Interestingly, high serum tryptase levels significantly increased the risks of later surgical repair or death in this population (182) . Both MC proteases were expressed highly in the media and adventitia of human AAA but were negligible in normal aortas. In elastase perfusion-induced AAA in mice, those mice lacking connective tissue chymase mMCP-4 (81) or tryptase mMCP-6 (182) developed significantly smaller AAA lesions than did WT mice. A mechanistic study suggested that both proteases contribute to vascular SMC apoptosis, inflammatory cell infiltration, and vascular cell elastinolytic cathepsin expression and activities; but only chymase, not tryptase, promoted angiogenesis both in vitro and in vivo in this mouse experimental AAA model, although further explanations are required for these distinct mechanisms.
C. Macrophages in AAA
Although only limited studies have shown the involvement of MC in AAA, much more evidence suggests the importance of macrophages in AAA pathogenesis. Macrophages greatly outnumber MC in human or animal AAA lesions, whereas normal aortas contain negligible numbers of macrophages. In elastase perfusion-induced AAA in rats, lesion chemokine MCP-1 and hematopoietic cytokine granulocyte-macrophage colony-stimulating factor levels correlate with macrophage densities in the (184) , investigators compared enzyme profiles in aortic lesions from AAA patients with those with peripheral artery occlusion (PAO) but without AAA, although both need surgical repair. Using transcriptomic array containing 137 protease and protease inhibitor genes; two-dimensional-differential in gel electrophoresis technology on proteome analysis of cytosolic proteins isolated from macrophages from the same patients; and antibody protein array containing 42 different proteins representing RNA and proteins found to be differentially modulated in macrophages from AAA and PAO patients, the investigators found that the expression of macrophage TIMP-3 (tissue inhibitor of MMP), ADAMTS5 (a disintegrin and metalloproteinases with thrombospondin motifs), and ADAMTS8 differed significantly in plasma from AAA compared with PAO patients. Therefore, macrophages in human AAA lesions may use these proteases and protease inhibitors to regulate AAA progression. MC and macrophage adhesion, migration, and accumulation in the aortic wall are essential in AAA pathogenesis. We recently showed that inhibition of MC recruitment to the aortic wall effectively impaired Ang-IIinduced AAA formation in Apoe Ϫ/Ϫ mice (G.-P. Shi, unpublished data). Multiple studies proved the same concept-that macrophage infiltration is essential to AAA formation. In elastase perfusion-induced AAA in rats, treatment with atorvastatin inhibited the expression of ICAM and MCP-1, suppressed macrophage recruitment into the aortic wall, and increased vascular wall collagen and elastin synthesis at 1 wk after perfusion, resulting in significantly reduced aneurysmal diameters at 4 wk after perfusion (185) . Plasminogen is a protease bound to ECM. Upon conversion into plasmin, it degrades ECM, activates MMP, and promotes AAA formation (186) , likely via increasing macrophage infiltration. In a periaortic CaCl 2 -induced AAA model, plasminogen-deficient Plg Ϫ/Ϫ mice displayed reduced macrophage infiltration and protected AAA formation. Intravenous administration of active MMP-9 reversed these phenotypes (187) . In Ang-II-induced AAA in Apoe Ϫ/Ϫ mice, ultrasmall superparamagnetic iron oxide contrast agent allowed detection of realtime macrophage infiltration during AAA progression. Macrophages infiltrated in the shoulder and outer perianeurysm areas (188) . As discussed in more detail in Section VI, in diet-induced obese (DIO) mice, white adipose tissue (WAT), but not brown adipose tissue (BAT), contains high levels of proinflammatory chemokine and chemokine receptor mRNA. In DIO mice infused with Ang-II, WAT surrounded the abdominal aortas, and BAT surrounded the thoracic aortas. Periaortic WAT explants from the abdominal aortas showed higher activity in promoting macrophage migration than did BAT explants from the thoracic aortas. In both DIO and ob/ob mice, Ang-II infusion greatly promoted macrophage infiltration to the periaortic and visceral adipose tissues and significantly increased AAA lesion size (189) . When chemokine leukotriene B4 receptor BLT1 knockout mice were used in the same experimental model, leukocyte accumulation, lesion MMP-2 and MMP-9 expression, and AAA size were significantly reduced, compared with WT control mice (190) . Thus, blockade of macrophage or MC migration can effectively control the progression of AAA, at least in experimental AAA (190) .
VI. Mast Cells in Obesity
A. Obesity as an inflammatory disease
A growing body of evidence suggests a close association between the immune system, obesity, and vascular diseases (191) . Recent studies have shown that obesity is an inflammatory disease, like atherosclerosis or AAA. In addition to adipogenesis (i.e., differentiation of preadipocytes into adipocytes), the development of obesity involves extensive angiogenesis, leukocyte infiltration, and ECM remodeling (191, 192) . Most of these processes, defined as the key features of inflammation, are similar to those in vascular diseases. An analysis of the development of adipose tissue microvasculature indicated that angiogenesis often precedes adipogenesis (193) , providing paths for leukocyte infiltration. Inflammatory macrophages, CD4 ϩ and CD8 ϩ T cells, regulatory T cells (T reg ), and B cells have recently been detected in human or mouse WAT (194 -196) . These cells are rich sources of both proinflammatory and antiinflammatory cytokines, to which adipocytes respond for downstream regulation of inflammatory signaling cascade (191) . Obesity and inflammation have been connected in the context of clinical weight loss studies. Weight loss caused decreases in circulating C-reactive protein, IL-6, TNF-␣, ICAM-1, VCAM-1, and several other inflammatory mediators in patients from different age groups or with different body mass index (BMI) values (191, 197) .
B. Obesity and allergy
A Chinese idiom says, "Nine are asthmatic among 10 obese men." Indeed, epidemiological surveys have shown that asthma is more prevalent in obese children and adults (198) . Overweight and obesity are common among women with allergies (76%) (199) , but MC function in obesity has never been recognized, probably because of the relatively low MC numbers in WAT. We recently found that serum tryptase levels were higher in obese subjects than in lean subjects. When we immunostained WAT sections for macrophages (HAM65) and MC (tryptase), we detected significantly more macrophages (2-fold) and MC (4-fold) in WAT from obese subjects than in those from lean subjects, although MC contents were only one third that of macrophages. Similar observations were made in mouse WAT. WAT from ob/ob mice contain high numbers of CD117
ϩ MC and CD8 ϩ T cells, and many of these cells cluster together (Fig. 5) . This is particularly important, given that MC are APC and donate a large quantity of inflammatory mediator; both mechanisms may trigger T-cell activation, which regulates adipocyte inflammation and body weight gain (196, 200, 201 or ketotifen demonstrated significantly reduced body weight gain, improved glucose intolerance and insulin sensitivity, and reduced adipose tissue inflammation with reduced leptin and insulin levels in circulation (43). Mechanistic studies suggest that MC contribute to obesity by affecting energy expenditure, adipose tissue angiogenesis, and preadipocyte differentiation. As discussed earlier, MC are reservoirs for inflammatory cytokines to stimulate vascular cells (42) and adipocytes (43) to release cysteinyl cathepsins-important proteases that can catabolize ECM protein fibronectin to promote adipogenesis, and degrade intracellular insulin receptor and glucose transporter (Glut)-4, leading to impaired insulin and glucose sensitivities (202, 203) . MC can also release directly the same cathepsins along with their unique chymases and tryptases, all of which can regulate neovascularization and cell survival (204) that are essential for WAT growth (43) (Fig. 6 ).
C. Possible interaction between mast cells and T cells
The most intriguing recent findings concern the role of T cells in obesity. Similar to observations regarding MC and CD8 ϩ T cells in WAT from ob/ob mice (Fig. 5) sources of the inflammatory cytokines IL-2 and IFN-␥, which can trigger adipocyte inflammatory molecule production and lower Glut-4 expression (Fig. 6) . Therefore, depletion of CD8 ϩ T cells reduced macrophage infiltration, adipose tissue inflammation, and insulin resistance, whereas adoptive transfer of CD8 ϩ T cells into CD8 ϩ -null mice reversed these effects (196) . In contrast, reduced T reg cells are found in insulinresistant obesity, along with increased fasting insulin and adipose tissue-derived inflammatory protein serum amyloid A3 in WAT (201) . Anti-IL-2-mediated or anti-CD3-mediated increase of T reg in adipose tissues reduced serum glucose and insulin levels, enhanced glucose and insulin intolerance, and lowered body weight (200, 201) . Th2 cells are also required for maintaining glucose homeostasis, but are compromised during obesity progression. Although T-cell-deficient Rag1-null mice developed obesity with high serum glucose and insulin levels and were glucose tolerant, CD4 ϩ T cell (but not CD8 ϩ T cell) adoptive transfer reversed these metabolic abnormalities (200) . These observations raised the important question of whether cross talk occurs between MC and T cells in obesity. The model in Fig. 6 explains recent discoveries in this field. MC may act as central receivers, mediating the interactions between different T-cell subtypes. MC recruit T reg and CD4 ϩ T cells (205) , likely by releasing chemokines (e.g., lymphotactin, IL-16) and increasing EC adhesion molecule expression (206) . Both cell adhesion and cognate MHC-II-mediated interactions between T cells and MC result in MC degranulation (206) , thereby releasing more chemokines for T-cell infiltration. MC may contribute to CD8 ϩ cell-mediated obesity (196) .
As nonprofessional APC, MC express both MHC class-I and class-II molecules for antigen presentations, which may be induced by inflammatory cytokines or bacterial infections (207) . Recent data suggest that MC induce antigen-specific CD8 ϩ T-cell activation and proliferation by presenting an- (Fig. 6) . 
In contrast to CD8
ϩ and Th1 cells, both T reg and Th2 cells directly inhibit FcR1-dependent MC degranulation by suppressing FcR1 expression through cell-cell interaction between OX40 and OX40L in vivo (210) and in vitro (205) (Fig. 6) . Consequently, coculture of MC with T reg or Th2 cells suppress IgE-mediated MC leukotriene C4 production (205) . Depletion or inactivation of T reg cells enhances the anaphylactic response (210) and obesity (201) . In addition to OX40-OX40L interaction, other pathways may also activate Th2 and T reg cells (such as MHC-II), enhancing production of Th2 cytokines (such as IL-3, IL-4, and IL-10) that suppress MC expression of KIT and FcR1 (Fig. 1) , thereby inactivating MC (Fig. 6 ). MC incubation, in combination with IL-3, IL-4, and IL-10, reduces KIT surface expression by 80% (211) . IL-3 and IL-4 together reduce FcR1 expression by 60%, resulting in an 80% reduction of IgE-mediated MC production of IL-4, IL-5, IL-6, and IL-13 (212) . Extended culture of MC in the presence of IL-3, IL-4, and IL-10 leads to Fas-dependent MC apoptosis, with decreased expression of bcl-2 and bcl-x L (213) . T reg cells (214), MC, and Th2 all produce IL-3, IL-4, and IL-10; therefore, T reg and Th2 may maintain MC homeostasis via these Th2 cytokines-a phenomenon that may occur in WAT in lean subjects.
D. Role of macrophages in obesity
Adipose tissue is a key endocrine organ and has a central role in obesity-associated dyslipidemia, insulin resistance, type 2 diabetes, and CAD (215) . In adipose tissues, both adipocytes and cells in the stromal-vascular fraction (SVF), including T cells, macrophages, MC, neutrophils, and NK cells, release adipokines (IL-6, IL-8, IL-1␤, MCP-1, leptin, and adiponectin) and influence other tissues, such as liver and muscle. SVF macrophages are the major source of adipose tissue TNF-␣ (216, 217) . Adipose tissue macrophages were first detected in SVF preparation from WAT and BAT, in which SVF phagocytic and microbicidal activities, mainly from macrophages, were much greater in WAT than in BAT (218) . Two independent groups then reported mouse WAT macrophage gene profiling and confirmed the presence of macrophages in mouse and human WAT SVF and correlation with BMI (194, 219) . Like MC (43), macrophages are much more numerous in WAT from obese subjects than in that from lean subjects (220) . A recent study demonstrated that in Pima Indians, abdominal sc adipose tissue macrophage content associates with serum total cholesterol, HDL, and triglyceride. Only HDL negatively associates with macrophages (221) .
As in the vascular system, human and animal WAT macrophages also contain M1 and M2, but M2 is the main macrophage population in lean WAT from rodents (195) and humans (223) . A high-fat diet (HFD) causes a switch from M2 to M1 in rodents by decreasing IL-10, heparinbinding lectin Ym1, and arginase, and increasing TNF-␣ and inducible NO synthase (224) . Insulin resistance associates with an increased number of M1 and M1/M2 ratio in WAT (225) . Weight reduction promotes the occurrence of M2 macrophages in WAT from obese patients (226, 227) . Although M1 macrophages contain TNF-␣, IL-6, and MCP-1 and contribute to the induction of insulin resistance, M2 macrophages express CD206, arginase-1, and IL-10; participate in tissue repair or remodeling (99, 100, 228); and restrain diet-induced WAT inflammation through the induction of T reg (200) .
Macrophage adhesion, migration, and recruitment to WAT are similar to these processes in the aortic wall. Obesity is a chronic inflammation, with increased C-reactive protein, IL-6, IL-8, and TNF-␣ in obese patients and animals (230, 231). These inflammatory mediators may come from macrophages, T cells, MC, or neutrophils and mediate EC adhesion molecule expression (158)-which explains increased monocyte transmigration and accumulation in WAT in obese subjects (224, 232) . After transmigration into WAT, monocytes differentiate into macrophages and act synergistically with adipocytes to amplify local inflammation (194) or produce more chemoattractants for further inflammatory cell recruitment (99, 219, 233). Most macrophages in WAT distribute around the necrotic adipocytes (234) and correlate with adipocyte size and death, suggesting that adipocyte death helps to mediate local macrophage infiltration (234). The adipokine leptin also exerts a mildly proinflammatory effect in inducing EC adhesion molecule expression, initiating macrophage infiltration, and activating macrophage phagocytosis and cytokine production (232).
The presence of different types of inflammatory cells in SVF raised the question of what triggers macrophage or MC infiltration into WAT. MCP-1 has been implicated in macrophage infiltration in WAT (236), but it is expressed in WAT before inflammatory macrophage markers (219), providing indirect evidence that cells other than macrophages produce MCP-1 and consequently drive macrophage infiltration. Several recent observations from in vivo experimental models proved this hypothesis. In experimental obesity in rodents, neutrophils, CD8 ϩ T cells, and MC all appear in WAT before macrophages. In DIO mice, immunohistology analysis demonstrated the transient appearance of myeloperoxidase-positive neutrophils in WAT as early as 3 d after initiating HFD (237), suggesting that neutrophils participate in the initiation of the inflammatory cascade. In the same experimental model, CD8 ϩ T-cell depletion using anti-CD8 antibody or in CD8a-deficient mice, SVF macrophage contents were sig- MC and macrophages in obese subjects affect not only adipose tissue, but also other organs, such as liver and muscle. We have shown that Kit W-sh/W-sh mice still had healthy livers without hepatic dyslipidemia (steatosis) after 3 to 6 months of HFD. MC stabilization with cromolyn yielded similar results. Although we did not examine whether deficiency or stabilization of MC affected liver macrophage accumulation, we did not detect much MC infiltration (43). Rats exposed to a 2-wk HFD or highsucrose diet developed steatosis and hepatic insulin resistance. But these metabolic abnormalities did not occur in rats that received administration of gadolinium chloride (GdCl 3 ; injection to the carotid artery) to deplete Kupffer cells (liver-specific macrophages). In a coculture experiment, Kupffer cells increased hepatocyte triglyceride accumulation and fatty acid esterification and decreased fatty acid oxidation and insulin responsiveness. Neutralizing antibody to TNF-␣ attenuated Kupffer cell-induced alteration of hepatocyte pathologies (238). These observations demonstrate that both MC and macrophages, and possibly other inflammatory cells, contribute to steatosis in obese subjects. Depletion or inactivation of these cells or blockade of their migration should benefit not only adipose tissue growth/expansion, but also its associated complications.
VII. Relative Contribution of Mast Cells and Macrophages in Diabetes
A. Mast cells in diabetes
Type 1 and type 2 diabetes mellitus (T1DM and T2DM) are the most common types of diabetes. Diet-induced obesity accompanies T2DM, as discussed earlier.
Our data suggest that MC participate importantly in the pathogenesis of this type of diabetes. Glucose and insulin tolerance assays confirmed that deficiency or inhibition of MC improved these parameters, whereas diabetic mice had high serum insulin and glucose levels and high KITpositive MC in WAT (43). Although not tested in our study, insulin may enhance allergen-induced MC FcRI downstream signaling and degranulation (239). Serum tryptase levels appeared higher in T2DM patients than in patients without T2DM (G.-P. Shi unpublished observations), but a direct participation of MC in T1DM has never been tested, and findings of MC contents in T1DM animals have been controversial. Surprisingly, asthmatic patients had a low incidence of T1DM (240). Other allergic disorders, including atopic dermatitis and eczema, were also found mutually exclusive to T1DM. In patients with diabetic retinopathy, microvessel-enriched retinas contained no MC (241), although MC normally appear in microvessel-rich tissues.
MC contents in experimental T1DM vary by model. Alloxan, a toxic glucose analog, selectively destroys insulin-producing ␤-cells in the pancreas, leading to T1DM. In rats with alloxan-induced T1DM, IL-3 and MC in the small intestine (ileum fragment) or peritoneum were markedly reduced. These rats were clearly resistant to local and systemic allergic inflammatory responses and anaphylactoid reactions (242, 243). IL-3, SCF, and IL-9 are principal cytokines that regulate MC growth and differentiation (21). Changes in IL-3 content might contribute to MC depletion in diabetic rats. Treatment with insulin restored basal MC number and normal levels of IL-3 in the ileum of diabetic rats (244). DR lyp/lyp rats develop spontaneous T1DM, including hyperglycemia, glycosuria, weight loss, and decreased plasma insulin. Unless insulin is administered, death follows shortly after onset due to severe hyperglycemia and ketoacidosis (245). In contrast to alloxan-induced T1DM, pancreatic lymph nodes in DR lyp/lyp rats contain more MC, and higher eotaxin and FcR1 expression levels, than those in control rats (246). Although a direct role of MC in these T1DM rats is unknown, inactivation of MC delayed T1DM onset in DR lyp/lyp rats (247).
Streptozocin (STZ), a naturally occurring chemical, is particularly toxic to ␤-cells and induces T1DM. In rats with STZ-induced diabetes, T1DM developed with increased mesenteric vessel fibrosis and peritoneal MC (248), although MC from STZ-treated rats and control rats behaved similarly in histamine release (249). MC stabilization with tranilast reduced MC number and mesenteric vessel fibrosis, but when STZ was given to 2-d-old neonatal rats, they developed T2DM in adulthood with glucose tolerance and insulin resistance (250). Tranilast treatment in diabetic rats suppressed ␤-cell glucose uptake and glucose-induced insulin secretion in vivo and in vitro (251). Taking these results together, MC stabilization appears effective in improving both T1DM and T2DM, al-though mechanistic explanations for these observations are not yet available.
B. Macrophages in diabetes
Macrophage accumulation in diabetic tissues is a feature of T2DM associated with the development of diabetic complications (nephropathy, atherosclerosis, neuropathy, and retinopathy) and tissue damage. In human and experimental type 2 diabetic nephropathy, kidney macrophage accumulation associates with progression of renal injury and decline in renal function (252, 253). As in atherosclerotic plaques, AAA lesions, or WAT, inflammatory cell accumulation in diabetic organs, such as adipose tissue, pancreas, kidney, and liver, often occurs in pathogenesis. Although the presence of MC has not been closely examined, macrophages are prominent in these organs. Components of diabetic milieu (high glucose, advanced glycation end-products, and oxLDL) promote macrophage accumulation via induction of chemokine and adhesion molecule expression and macrophage activation within these diabetic tissues. Established T2DM further induces tissue expression of adhesion molecules, cytokines, and chemokines (253-255). In vitro studies showed that high glucose and advanced glycation end-products stimulate renal tubule cells to produce ICAM-1 and MCP-1 (254, 256). In db/db mice, deficiency of ICAM-1 or MCP-1 decreases kidney macrophage accumulation and diabetic renal injury (254, 256). In ob/ob mice, macrophages account for almost all kidney leukocyte accumulation, and their accrual correlates with the progression of diabetes (hyperglycemia, glycosylated hemoglobin) and the severity of kidney damage (histological lesions, renal function) (253). Peripheral neuropathy, a feature of human T2DM, associates with microvasculitis at the nerve site and local ischemic injury. Macrophages are prominent in these perivascular lesions and associate with nerve demyelination (257, 258). In peripheral retinopathy, macrophages are present in the epiretinal membrane (259). Macrophage-derived cytokines are often seen in vitreous samples (260), suggesting a role of macrophages in microvascular cell apoptosis, neovascularization, and fibrosis.
Most metabolic tissues contain a population of alternatively activated macrophages. As discussed, macrophages switch their phenotypes to classically activated cells in WAT that favors inflammation and insulin resistance (224) . Macrophage transformations from alternatively activated into classically activated status not only change the cell inflammatory profile but also alter these pathobiological activities. Therefore, macrophages from T2DM and metabolic syndrome show decreased phagocytosis of microbes (261), reduced cholesterol efflux (262), decreased surface expression and tyrosine kinase activity of insulin receptor (263-265), and diminished insulin-stimulated signaling (263, 266, 267), but also show enhanced adhesion to the endothelium (268, 269), increased surface expression of CD36 and/or scavenger receptor-A (262, 263, 270 -272), and binding and uptake of modified LDL and elevated cholesteryl ester formation (263). In HFD-fed mice, macrophages appear in islets before the onset of diabetes. These residential macrophages may belong to alternatively activated cells, and thus benefit islet function (273) and plasticity (274) . But as the disease progresses, macrophages may become classically activated (275) and thus accelerate islet cell dysfunction and death. These activated macrophages become phagocytic to dead islet cells. Increased isletderived inflammatory factors (IL-6, IL-8, and keratinocyte-derived cytokine) are produced and released by islets after exposure to T2DM (high glucose and/or nonesterified fatty acids) or HFD.
Spontaneously diabetic Torii (SDT) rats are used as a nonobese T2DM animal model. SDT rats develop hyperglycemia without obesity at 20 wk and manifest nephropathy and ocular complications, such as cataract and proliferative retinopathy (276) . At 8 -10 wk, these rats manifest microvascular abnormalities such as congestion and hemorrhage in pancreatic islets (277) . Over time (4 -10 wk), serum CD4 ϩ and CD8 ϩ T cells, monocytes, neutrophils, and NK cells increase consistently. At 9 wk, invasion of the pancreas by inflammatory cells leads to ␤-cell destruction (277) . This inflammatory cell infiltration remains throughout the lifespan, along with high glucose levels in the blood (278) . Blockade of macrophage accumulation and function could help prevent the development of T2DM and its complications. Selective destruction of insulin-producing pancreatic cells via an immune-mediated process is characteristic of T1DM. Infiltration of inflammatory cells into the islets (insulitis) generally precedes ␤-cell destruction in human T1DM (278, 279) . In nonobese diabetic mice (280) or multiple low-dose STZ-treated mice (281, 282), infiltrated cells cause ␤-cell damage or death either directly or via released cytokines or free radicals (281, 283) . Macrophages from low-dose STZ-treated mice or after stimulation with LPS or Th1 cytokine express NO (284, 285) , which mediates ␤-cell damage (285) (286) (287) (288) (289) 
VIII. Mast Cell-Macrophage Interactions in Cardiovascular and Metabolic Diseases
The concept of MC functions in AAA and metabolic diseases is relatively new, compared with that in atherosclerosis. The direct participation of MC in AAA, obesity, and diabetes was established only recently (43, 180). In WAT, deficiency or pharmacological inactivation of MC inhibited macrophage accumulation (43), suggesting a role of MC in macrophage migration and accumulation to the site of inflammation, such as the arterial wall and WAT. These MC activities also may affect the recruitment of other inflammatory cells. None of these hypotheses, however, has been tested directly in vitro or in vivo. In atherosclerotic lesions, AAA lesions, and WAT, MC often locate anatomically together with macrophages (Fig. 4) , suggesting their interaction either by direct cell-cell contact or via inflammatory mediators.
A. Macrophages activate mast cells
Atherosclerosis, AAA, obesity, and diabetes are all inflammatory diseases that share many pathological mechanisms with asthma and inflammatory lung diseases. Although scant evidence supports the activation of MC by macrophages in cardiovascular and metabolic diseases, macrophages seem to activate MC in airway allergic responses, and this may apply to cardiovascular and metabolic diseases. For example, human lung macrophages spontaneously secrete "macrophage factors" (Fig. 7A) . By interacting with MC surface-bound IgE, these macrophage factors induce IgE-dependent histamine release (293) and possibly other inflammatory mediators from lung MC. As discussed, MC activations by C48/80 or substance P enhance AAA growth (180) or atherogenesis (53) in mice. Anti-IgE antibody-mediated or macrophage factor-mediated MC activation might yield the same results as from mice treated with C48/80 or substance P.
Macrophages also activate MC via exocytosed bacterium, such as Chlamydia pneumoniae and Aggregatibacter actinomycetemcomitans. A recent study demonstrated increased levels of C. pneumoniae antigens in human AAA lesions, throughout the tunica media to the adventitia (294), although serum levels of IgA or IgG against C. pneumoniae antigens were not significantly different between patients with or without AAA (295) and did not associate with AAA aortic expansion rate (296). DNA and antigens from C. pneumoniae have also been found in human atherosclerotic lesions (297). Infection of atherosclerosisprone Apoe Ϫ/Ϫ mice with C. pneumoniae promotes atherogenesis (298). Blood levels of IgG against C. pneumoniae correlate with BMI and body fat percentage in young adults (299) and in women (300) . Acute infection of obese C57BL/6 mice with this bacteria leads to insulin resistance and diabetes (301) . Although the mechanisms by which C. pneumoniae contributes to AAA, atherosclerosis, obesity, and diabetes remain unknown, human monocyte-derived macrophages infected with C. pneumoniae induce proinflammatory responses in human peripheral blood-derived MC. MC cultured with C. pneumoniae-infected macrophages or conditioned media from these macrophages increased MC expression of IL-8 and TNF-␣ (302) (Fig. 7A) . In Apoe Ϫ/Ϫ mice, infection with C.
pneumoniae also increases MC activation in atherosclerotic lesions (302).
B. Mast cells activate macrophages
MC activate macrophages by releasing inflammatory cytokines, enzymes, growth factors, and heparin proteoglycans, although much of our knowledge about these processes was not generated from studies of cardiovascular or metabolic disease. In human synovial tissue explant culture, MC activation with rabbit antihuman IgE antibodies demonstrates much greater secretion of tissue histamine, TNF-␣, and IL-1␤, compared with those treated with nonspecific rabbit IgG. Immunostaining showed colocalization of increased cytokine expression to CD68 ϩ macrophages (303) , suggesting that MC directly act on macrophages and lead to macrophage cytokine expression. In a cell culture assay, conditioned media from the human leukemic MC line (HMC-1) increases MMP-9 activities from the human macrophage-like cell line U973, via MC-derived IFN-␥. Anti-IFN-␥ antibody fully blocked such activities of HMC-1 conditioned media. MC stabilization with tranilast also abolishes this activity from HMC-1 conditioned media (181) (Fig. 7B) .
MC also release phospholipase A 2 (PLA 2 ) to target macrophages. PLA 2 is an enzyme that hydrolyzes the ester bond of phospholipids and generates free acids and lysophospholipids (304) . Plasma levels of lipoprotein-associated PLA 2 were significantly higher in patients with metabolic syndrome or carotid atherosclerosis than in control subjects (P Ͻ 0.05) and were especially higher in patients with three or four disorders of metabolic syndrome (P Ͻ 0.01) (305) . Inhibition of lipoprotein-associated PLA 2 with its inhibitor, darapladib-currently in phase-III trials for coronary heart disease by GlaxoSmithKline-reduces coronary atherosclerosis in diabetic and hypercholesterolemic pigs (306) . MC, macrophages, and other bloodborne leukocytes express PLA 2 (307, 308) , but MC are a better source of PLA 2 than are macrophages (309) , whereas macrophages are a good target of PLA 2 . MC use PLA 2 to activate macrophage expression of cytokines, chemokines, and MMP, cell adhesion and proliferation (308) , and prostaglandin and leukotriene biosynthesis (309) (Fig. 7B) .
MC granules contain chymase and latent TGF-␤1; after activation, MC release these granules and the latent TGF-␤1. After conversion into active TGF-␤1 by chymase, TGF-␤1 binds to type I and type II TGF-␤ serine/threonine kinase receptor T␤RI and T␤RII on macrophages, thereby inducing macrophage expression of plasminogen activator inhibitor type-1 (310) . Selective stimulation of MC in vivo, by injecting 100 g C48/80 in 1 ml of 1ϫ PBS in rat peritoneal cavity, induces TGF-␤1 production from peritoneal MC and T␤Rs and plasminogen activator inhibitor type-1 expression in peritoneal macrophages (310) . All of these macrophage activities are essential to cardiovascular and metabolic diseases. MC in the arterial wall or in WAT also may use cytokines (e.g., IFN-␥), enzymes (e.g., PLA 2 ), and growth factors (e.g., TGF-␤1) to activate macrophages (Fig. 7B) .
Foam-cell formation is one of the most important macrophage functions in atherogenesis. Intimal macrophages take up cholesterol when they ingest modified LDL, whereas HDL removes cholesterol from macrophages and carries it back to the circulation (311)-a process called reverse cholesterol transport or cholesterol efflux-which counteracts cholesterol accumulation and retards atherosclerosis (312) . Cholesterol efflux via ATP-binding cassette (ABC) transporter ABCA1 requires direct or indirect binding of apoA-I or apoA-II (313, 314) , and HDL phospholipids modulate the release of cellular cholesterol via ABC subfamily G member 1 (ABCG1) (315) . MC contribute to macrophage foam-cell formation through at least two mechanisms-increasing extracellular LDL uptake, and decreasing intracellular cholesterol efflux-both of which require heparin proteoglycans and MC-specific proteases (chymase, tryptase, and carboxypeptidase A).
C. Role of mast cells in macrophage LDL uptake
After activation, MC degranulate and release heparin proteoglycan-containing granules. Soluble heparin proteoglycans interact with the apoB on LDL and form insoluble complexes with LDL (316) (Fig. 7C) . Macro-phages take up these complexes using the scavenger receptor of the acetyl-LDL receptor type. Adding heparin proteoglycans to cultured macrophages therefore increases LDL uptake by 45-fold (317, 318) . When passively sensitized MC and macrophages from nonimmunized rat peritoneum were mixed together with IgE-containing serum, IgE-mediated MC activation increased macrophage [ 14 C]sucrose-LDL uptake and LDL-derived cholesterol ester accumulation. MC inhibitor MY-1250, however, reduces MC histamine release and macrophage LDL uptake and esterification (76). Furthermore, passively sensitized and antigen-stimulated MC stimulate macrophage uptake and esterification of LDL in LDL-containing culture medium. The MC stabilizer cromolyn effectively blocks these MC activities. Mechanistically, both MY1250 and cromolyn prevent MC release of heparin proteoglycan (76).
MC also release chymase, carboxypeptidase A, and tryptase, which are tightly bound to the heparin proteoglycans of the granule remnants and degrade apoB-100 of the granule remnant-bound LDL (Fig. 7C) . Although proteolytically inactive MC granules increase macrophage LDL uptake 10-fold, proteolytically active granules increase macrophage LDL uptake 50-fold (316)-suggesting an important role of MC-derived heparin proteoglycans and proteases in macrophage LDL uptake. Pharmacological prevention of MC degranulation reduces macrophage LDL uptake, whereas MC activation increases LDL uptake. When rats were immunized with ovalbumin (OVA) and adjuvant to provoke IgE and activate MC, coculture of peritoneal MC and macrophages from these rats showed OVA dose-dependent MC granule release and macrophage LDL uptake. In contrast, when only macrophages or both macrophages and MC from nonimmunized mice were used, antigen OVA had no effect on macrophage LDL uptake or MC granule release (319) . In male Wistar rats receiving ip injection of [ 3 H]cholesteryl linoleated-acetyl-LDL, intracellular radioactivity in peritoneal macrophages significantly increased after rats received MC activator C48/80 (72). These observations established an important role of MC activation and release of heparin proteoglycans and proteases (e.g., chymase and carboxypeptidase A) in macrophage LDL uptake and foam-cell formation. Although whether tryptase contributes to macrophage LDL uptake during atherogenesis has not been tested, the addition of tryptase into THP-1-derived macrophages also induces intracellular lipid accumulation and total cholesterol level. Mechanistic studies suggest that tryptase suppresses the activation of lipid homeostasis essential nuclear receptor liver X receptor-␣ (LXR␣) (320) (Fig. 7C) , a process that can be blocked by tryptase inhibitor APC366 (321).
D. Role of mast cells in macrophage cholesterol efflux
Inhibition of macrophage cholesterol efflux is probably the best-studied mechanism of MC in controlling macrophage foam-cell formation. MC inhibit cholesterol efflux by releasing chymase and tryptase to target different lipid transfer proteins or directly to HDL components.
Two plasma lipid protein transfer proteins-phospholipid transfer protein (PLTP) and cholesteryl ester transfer protein (CETP)-remodel HDL and generate pre␤-HDL particles (322) to promote cholesterol efflux from macrophage foam cells via ABCA1 and ABCG1 (323) . CETP often forms a complex with HDL 3 in the plasma (324) , and it transfers cholesteryl esters, triglycerides, and phospholipids between circulating lipoproteins (325) . MC chymase degrades CETP and reduces its cholesteryl ester transfer activities, although this cleavage is reduced when CETP is complexed with HDL 3 (326) . PLTP transfers phospholipids from liposome donor particles to acceptor HDL 3 particles and facilitates pre-␤-HDL formation. Chymase degrades 80-kDa PLTP into 70-, 52-, 48-, and 31-kDa fragments, thereby reducing PLTP pre-␤-HDL formatting activity and inhibiting the high-affinity component of cholesterol efflux from macrophages (327) (Fig. 7D) .
In addition to degrading these lipoprotein transfer proteins, MC chymase and tryptase also target HDL pre-␤-migrating particles directly. In murine macrophage J774 cells, which express low levels of scavenger receptor-B1 and high levels of ABCA1, chymase degrades pre-␤-migrating particles from HDL 3 and reduces ABCA1-dependent cholesterol efflux (328) . Specifically, chymase degrades the lipoprotein apoA (LpA) components in HDL 3 , and even those in the plasma. Adding proteolytically active MC granule remnants or purified human skin chymase to cholesterol-loaded human or mouse macrophages leads to degradation of pre-␤ 1 LpA-I and LpA-IV, and reduction of apoA-I-induced high-affinity cholesterol efflux (329) . Although plasma from WT mice or apoA-I knockout mice, which did not express apoA-IV but expressed normal levels of apoA-II and even higher levels of apoE, are equally potent in inducing foam-cell cholesterol efflux, activities in both plasmas were reduced after being treated with chymase. Addition of discoidal pre-␤-migrating reconstituted HDL particles containing human apoA-I or apoA-II to chymase-treated apoA-I knockout plasma fully restored these activities (330) , suggesting that both apoA-I and apoA-II are targets of MC chymase (Fig. 7D) . Human serum and human aortic intimal fluid also showed defective cholesterol efflux from cultured macrophage foam cells, after these physiological fluids were treated with MC remnant chymase (331) . Biochemical analysis demonstrated that chymase degrades apoA-I from these fluids (331) . These MC chymase activities have been confirmed in mice. In C57BL/6 mice, ip administration of human apoA-I or chymase-treated apoA-I, together with [ 3 H]cholesterol-labeled J774 macrophages, demonstrated that apoA-I-but not chymase-treated apoA-I-accelerated transfer of macrophage-derived [ 3 H]cholesterol into the intestinal lumen. Stimulation of such reverse cholesterol transport by human apoA-I was blocked fully when C48/80 was also injected into the WT mice, but this effect was not seen in MC-deficient Kit W-sh/W-sh mice (332) . In a similar experiment, serum or peritoneal fluid from mice receiving ip injection of C48/80 showed reduced promotion of efficient cholesterol efflux from cultured mouse macrophages, due to degradation of serum or peritoneal cavity apoA-I, apoA-IV, and apoE in ␣-HDL and pre-␤-HDL (242) (Fig. 7D) .
MC tryptase acts similarly to chymase in degrading HDL. Incubation of purified HDL 3 from human plasma with recombinant human tryptase demonstrated degradation of pre-␤-HDL-preferentially the apoA-I and apoA-IV minor subfraction-thereby reducing cholesterol efflux in [
3 H]cholesterol-loaded macrophage foam cells. Proteoglycans isolated from human aortas enhance HDL 3 degradation by tryptases (333) . Tryptase in the arterial wall therefore may use matrix proteoglycans to degrade HDL 3 and inhibit macrophage intracellular cholesterol efflux (Fig. 7D) -a hypothesis that merits further investigation. Figure 7 summarizes our current understanding of the interactions between MC and macrophages discussed in this Section, although we still lack direct evidence of most of these interactions in cardiovascular diseases or metabolic disorders.
IX. Clinical Implications
A. Mast cells as a therapeutic target
Although no allergy drugs have been used to treat patients with cardiovascular diseases or metabolic syndromes, these drugs-including antihistamines, chymase or tryptase inhibitors, and MC stabilizers-have a long history of application among patients with allergies and related medical conditions. Omalizumab, a Food and Drug Administration-approved humanized monoclonal antibody, binds to free IgE for the treatment of allergic diseases (334) . R112 is the first inhibitor of the FcR1 signaling molecule Syk used in clinical studies for allergies (335) . The tryptase inhibitor APC2095 recently has been tested in the treatment of asthma and ulcerative colitis (336) . Several oral chymase inhibitors (SUN-C8257, BCEAB, NK3201, and TEI-E548) are also available (337) . The heparin antagonist protamine (used along with insulin to slow insulin action in diabetic patients) and Polybrene are also used to inhibit tryptase activity through dissociation of active tetrameric tryptase into inactive monomers (338) . Many of these chymase inhibitors and tryptase inhibitors have been tested in the inhibition of AAA formation in animals.
MC stabilizers are probably the best-studied antiallergy drugs in vascular diseases and metabolic disorders, and many are used to treat patients with allergies. Drugs in this category include cromolyn (Gastrocrom), ketotifen (Zaditor), and tranilast (Rizaben). Cromolyn and ketotifen are used in pediatric allergic disorders. Tranilast is used in bronchial asthma, atopic dermatitis, and allergic conjunctivitis and has recently shown antiangiogenic activity via inhibition of chymase and TGF-␤ (248). Cromolyn (339) exerts its effect only on certain populations of MC, with limited effect on intestinal mucosal MC in rodents (340) and humans (341) . These effects are particularly important because cromolyn may be used to inhibit MC in the connective tissues-such as those in the vasculature and WAT-without affecting the innate immunity of the mucosa against pathogens. In addition to its antiallergy effect, ketotifen can control chronic inflammation processes such as autoimmune encephalomyelitis and arthritis (342), if given sufficient time points.
Recent studies in animals suggest that MC stabilizers potentially can benefit patients with cardiovascular and metabolic diseases. As discussed, cromolyn prevented MC activation-induced intraplaque hemorrhage, macrophage apoptosis, and vascular leakage in atherosclerosis in Apoe Ϫ/Ϫ mice (68). We have used cromolyn to prevent aortic elastase-induced mouse AAA formation (180) . Tranilast prevents periaortic CaCl 2 -induced AAA in mice (181) . Our most recent data indicate that cromolyn and ketotifen are fully effective in preventing diet-induced obesity and diabetes in mice. Furthermore, we demonstrated that these MC stabilizers reversed preestablished obesity and diabetes (43); this result is particularly important for future clinical application. More comprehensive human trials are required to establish the applications of these MC drugs in patients.
B. Macrophages as a therapeutic target
The recognition of macrophages in adipose tissue and the study of their roles in metabolic diseases are relatively new concepts (194, 219) compared with those in cardiovascular diseases. Macrophages as a therapeutic target in vascular diseases recently have been reviewed (343) . Animal models and human trials targeting macrophages focus on macro-phage recruitment, cholesterol metabolism, cholesterol trafficking, inflammation, and ECM remodeling.
Macrophage recruitment is central to both metabolic and cardiovascular diseases. Vascular adhesion molecules, including ICAM-1, VCAM-1, P-selectin, and E-selectin, play key roles in macrophage adhesion and transmigration. Direct inhibition of these molecules or the enzymes responsible for their synthesis may effectively block macrophage accumulation in adipose tissues or in inflamed arterial walls. For example, VCAM-1 inhibitor succinobucol AGI-1067 (344) has been developed to block macrophage accumulation to the arterial wall for patients with acute coronary syndrome. The VCAM-1 inhibitor HUN-7293 (344) and the VCAM-1 synthase inhibitor CAM741 (345) also have been developed for clinical trials. Macrophage inflammation is another important target for drug development, at least in the cardiovascular system. Cyclooxygenase 1 inhibitors, such as aspirin, have been used to prevent atherothrombosis (346) . The thromboxane prostanoid receptor antagonist S18886 (also called terutroban) may benefit atheroma patients (347) , and the 5-lipoxygenase-activating protein inhibitors MK-886 and BAYx1005 reduce atherosclerosis in animal models (348, 349) . Licofelone inhibits both 5-lipoxygenase and cyclooxygenase 2 and has antiplatelet activity (350) . Macrophage-associated ECM remodeling had been focused on broad-spectrum MMP inhibitors to prevent atherosclerotic plaque expansion, but it was largely unsuccessful (351) . More recent development has focused on cysteinyl cathepsin inhibitors. Although formal clinical trials targeting cardiovascular or metabolic diseases have not been announced, selective inhibitors for cathepsins S and K have been tested in clinical trials of patients with rheumatoid arthritis, psoriasis, and osteoporosis (352, 353) . Such inhibitors may benefit patients with metabolic (202) and cardiovascular diseases (85).
Macrophage-associated cholesterol metabolism and trafficking are probably the main focus of drug development to target macrophages in cardiovascular diseases. LDL uptake by macrophages plays a central role in atherosclerosis. After uptake, LDL undergoes hydrolysis into fatty acids and free cholesterol that is further esterified into cholesterol esters by ACAT (acyl coenzyme A:cholesterol acyltransferase). The ACAT inhibitors eflucimibe (354) , pactimibe, avasimibe (355) , and K-604 (356) have been entered into atherosclerosis clinical trials at various stages of development. Cholesterol trafficking or efflux from macrophages has been an important area in both basic research and clinical prevention of human atherosclerosis. The LXR agonist TO-901317 prevents atherosclerosis by facilitating cholesterol efflux from macrophages, although it also increases hepatic and serum triglyceride levels (357) . In the setting of clinical applications, the main drug discoveries in reducing circulatory LDL levels and lesion inflammation are the development of HDL mimicries, statin-series drugs, and PPAR activators.
HDL is the smallest lipoprotein particle that transports cholesterol to the liver and therefore is essential in removing cholesterol from macrophage foam cells, thereby playing a classically protective role toward atherosclerosis (358) . The most abundant components in human HDL are apoA-I and apoA-II (359) . Although pharmacological therapies such as fibrate and niacin increase HDL cholesterol levels (360, 361) , fibrate does not impair overall mortality in atherosclerotic patients (360) . Only niacin reduces atherosclerosis progression and cardiovascular events (362) . Therefore, several classes of recombinant HDL (rHDL)-composed of apoA-I, lectin, and cholesterol-have effectively reduced lipid content in cultured vascular SMC (363) and atheroma progression or fatty streak content of established atherosclerotic lesions in rabbits (364, 365) , and therefore have been developed for human trials. rHDL used in clinical trials include WT-apoA-I, apoA-I Milano, delipidated HDL, and apoA-I mimetic peptides. Wild-type apoA-I-containing rHDL formulations reduce restenosis after aortic injury, inhibit EC injury, diminish leukocyte infiltration, and promote endothelial progenitor cell-mediated endothelial repair in animal models. In human trials, rHDL CSL-111 (using human-derived apoA-I complexed with phosphatidylcholine) at a low-dose treatment (40 mg/kg) for 4 wk yielded significant improvement in coronary score (366) . One dose of 80 mg/kg of CSL-111 led to a 63% reduction in atheroma lipid content, a 58% reduction in macrophage foam cell size, and a 43% reduction in intraatheroma VCAM expression (367) . In T2DM patients, one dose of CSL-111 reduced EC expression of VCAM and ICAM and improved cholesterol efflux capacity by 35% (368) . ApoA-I Milano-containing rHDL reduced lipid and macrophage content in atherosclerotic lesions and total atheroma volume in animal models (369 -371) . Two high doses (150 mg/kg) or 75 mg/kg at 4-wk intervals in rabbits demonstrated atherosclerosis regression, reduced lesion macrophage density, MCP-1 and cyclooxygenase-2 expression, and gelatinolytic activity (372, 373) . In human trials, apoA-I Milano complexed with phospholipids (ETC-216) in a small cohort of patients with acute coronary syndrome, five weekly infusions at 15 mg/kg or 45 mg/kg reduced atheroma volume by 4.2% as determined by intravascular ultrasound (374) . Delipidated endogenous HDL, in a small phase I/II trial, caused 28-fold increase of pre-␤-HDL and statistically nonsignificant regression in coronary plaques, but plaque volume was reduced as in the apoA-I Milano trial (375) . ApoA-I mi-metic peptides were developed to avoid HDL source and price problems. In rabbits, apoA-I mimetic peptide 5A (20 mg/kg) reduced vascular inflammation and macrophage cholesterol efflux, EC ICAM and VCAM expression, neutrophil infiltration, and ROS enzyme production (376) . Novartis APP018 peptide, although with low oral bioavailability, improved antiinflammatory activity and reduced aortic atherosclerosis in mice (377) . In a phase I trial of CAD patients or those with coronary heart disease risk, APP018 treatment reduced inflammatory index of HDL (378) . A clinical trial of another apoE-derived peptide, AT1-5261, has begun recently (Artery Therapeutics, Danville, CA) (379) .
Statin treatment of atherosclerotic cardiovascular diseases reduced cardiovascular events by 20-40%, depending on the levels of LDL reduction, ABC transporters ABCA1 and ABCG1 in reducing macrophage foam-cell formation, and inflammation (380) . For example, atorvastatin (10 -80 mg/d) reduced total plasma cholesterol and LDL levels and decreased atherosclerotic lesion macrophage contents among hypercholesterolemic patients (381) . Simvastatin (10 mg/d) and pitavastatin (2 mg/d) reduced plasma total cholesterol and LDL levels (382) , and simvastatin demonstrated atherosclerotic plaque regression activity in human patients (383) . In hypercholesterolemic patients, combined statin therapy (20 mg/d simvastatin, 40 mg/d pravastatin, or 10 -20 mg/d atorvastatin) significantly reduced atheroma size, lesion contents of fibrous tissues, macrophage contents, neoangiogenesis, and hemorrhage, compared with an untreated hypercholesterolemic group (384) . Similar observations were made in AAA patients. Atorvastatin (20 mg/d for 4 wk) reduced serum LDL by 40% and also reduced lesion JNK expression, dendritic cell and macrophage contents, and MMP expression (385) .
Other nonstatin drugs and PPAR activators are also widely used in the clinic to lower plasma cholesterol levels. Ezetimibe, a potent cholesterol absorption inhibitor, reduces plasma cholesterol and LDL by approximately 50% (386, 387) and currently is in clinical trials (388, 389) . PPAR activation (PPAR-␣, PPAR-␤, PPAR-␦) not only reduces macrophage recruitment by decreasing EC chemokine (MCP-1) and adhesion molecule (ICAM and VCAM) expression (390 -392) , but it also preferentially lowers lipid uptake and storage in macrophages. In patients with metabolic syndrome and elevated fasting triglyceride levels, 3 months of treatment with the PPAR-␣ agonist fenofibrate reduced blood monohydroxy fatty acids, MCP-1, MIP-1␣, IL-1␤, very LDL, and LDL levels, compared with placebo (393) . PPAR-␤/␦ activation by the synthetic agonist GW50615 has been shown to promote apoA-I-specific cholesterol efflux and to induce ABCA1 gene expression in THP-1 macrophages, suggesting an enhancement of reverse cholesterol transport (394) . PPAR-␣ and PPAR-␥ activators enhance HDL receptor CLA-1/SR-BI expression (395) . They also indirectly enhance ABCA1 transporter expression via up-regulating LXR-␣ expression, thereby promoting apoA-I-mediated cholesterol efflux from macrophages (396, 397) . Expression of ABCG1 is also induced by PPAR-␥ activation but is independent of LXR-␣ (398). As a consequence, PPAR-␣ and PPAR-␥ clearly enhance the apoA-I-dependent and HDL-dependent cholesterol efflux in macrophages (396, 398, 399) . PPAR-␥ is the major actor in adipocyte differentiation, inducing lipid uptake and storage (400) . PPAR-␥ inhibits monocyte CCR2 expression, blocks MCP-1-mediated chemotaxis (401, 402) , and enhances the alternative activation and differentiation of macrophages (97, 103). The PPAR-␥ activators rosiglitazone and pioglitazone prevent Ang-II-induced vascular inflammation in rats (403) . PPAR-␣ and PPAR-␥ agonists in cardiovascular outcome trials have been summarized elsewhere (404) .
In addition to these direct effects of PPAR activators or agonists, statins and angiotensin-converting enzyme (ACE) inhibitors also may affect atherosclerosis indirectly via PPAR activation. For example, simvastatin affects CCR2 gene expression and CCR2-dependent monocyte recruitment in response to MCP-1 in healthy men by acting in a PPAR-␥-dependent manner (405) . Statins also activate PPAR-␣ and enhance its transrepression activity by inhibiting the PKC signaling pathway in mice (406) . ACE inhibitors decrease atherosclerosis via a PPAR-independent pathway (407) , but the ACE inhibitor enalapril up-regulates PPAR-␣ and PPAR-␥ in mouse aortas and prevents Ang-II-induced expression of adhesion molecules and chemokines (408) .
X. Conclusions
Recent evidence from studies in humans and animals demonstrates the important roles of MC and macrophages in cardiovascular and metabolic diseases. Through different mechanisms, MC and macrophages release inflammatory cytokines, chemokines, proteases, and other proinflammatory mediators to affect neighboring vascular cells (e.g., SMC and EC) and inflammatory cells (e.g., different types of T cells). Deficiency of inflammatory cytokines from MC demonstrated inhibitory effects in the pathogenesis of atherosclerosis, AAA, obesity, and diabetes. These include MC proinflammatory cytokines IL-6, IFN-␥, but not MC TNF-␣ (42, 43, 180). Whether similar inhibitory phenotypes may develop in cytokine-deficient macrophages remains untested. MC and macrophages are both rich in proteases. MC contain their unique chymases and tryptases that contribute to AAA formation by promoting inflammatory cell accumulation, neovascularization, and/or SMC apoptosis (81, 182). These MC proteases may apply similar mechanisms to atherosclerosis, obesity, and diabetes; this hypothesis merits further investigation. MC and macrophages both produce MMP and cysteinyl cathepsins (84, 106, 145, 409) , which play essential roles in cardiovascular and metabolic diseases. Accumulation of MC and macrophages in inflamed arteries or WAT may associate with enhanced expression of MMP and cysteinyl cathepsins. Inhibition or genetic deficiency of these proteases has been proven effective in controlling cardiovascular and metabolic diseases (60, 145, 202, 203, 222, 229, 235) . MC and macrophages are also APC that activate T cells in the aortic arteries and WAT, or in other endocrine organs, providing additional mechanisms to the pathogenesis of atherosclerosis, AAA, obesity, and diabetes. Although MC and macrophages may contribute to these human diseases through different mechanisms-for example, macrophages form foam cells and present in both antiinflammatory and proinflammatory subsets-the two cell types share many common activities during the pathogenesis of these cardiovascular and metabolic diseases. They may be equally important in the pathogenesis and as therapeutic targets. 
